unbiased, high-throughput assays for detecting and quantifying Dna double-stranded breaks (DsBs) across the genome in mammalian cells will facilitate basic studies of the mechanisms that generate and repair endogenous DsBs. they will also enable more applied studies, such as those to evaluate the on-and off-target activities of engineered nucleases. Here we describe a linear amplification-mediated high-throughput genome-wide sequencing (laM-HtGts) method for the detection of genome-wide 'prey' DsBs via their translocation in cultured mammalian cells to a fixed 'bait' DsB. Bait-prey junctions are cloned directly from isolated genomic Dna using laM-pcr and unidirectionally ligated to bridge adapters; subsequent pcr steps amplify the single-stranded Dna junction library in preparation for Illumina Miseq paired-end sequencing. a custom bioinformatics pipeline identifies prey sequences that contribute to junctions and maps them across the genome. laM-HtGts differs from related approaches because it detects a wide range of broken end structures with nucleotide-level resolution. Familiarity with nucleic acid methods and next-generation sequencing analysis is necessary for library generation and data interpretation. laM-HtGts assays are sensitive, reproducible, relatively inexpensive, scalable and straightforward to implement with a turnaround time of <1 week.
IntroDuctIon
DSBs are intrinsic to various biological processes such as transcription; they are programmed to generate antigen receptor diversification in lymphocytes, and they are key substrates for translocations, deletions and amplifications associated with various cancers 1, 2 . There is currently also great interest in defining the range of DSBs across the genome generated by engineered nucleases used for gene editing 3 . In somatic mammalian cells, a large proportion of DSBs are rejoined by the classical nonhomologous DNA end-joining pathway 4 . Such rejoining often may be accompanied by end-processing-including resections-that can lead to deletion of sequences flanking the break site 5 . DSBs that are not immediately rejoined can participate in chromosomal translocations, which frequently result from end-joining of two distinct DSBs 2 . In this regard, we consider all events in which two separate DSBs are fused as translocations, including those that result in joining two closely linked DSBs in the same chromosome to generate intra-chromosomal deletions 2 . The frequency of translocations between two sites in the genome is a function of the frequency at which DSB ends at the two sites are available to be translocated and the frequency at which they are physically juxtaposed ('synapsed') 2 . The frequency at which DSBs are available is influenced both by their rate of generation and by how long they persist before being rejoined 2 . Factors that influence DSB generation, persistence and synapsis are discussed in subsequent sections below and in prior publications 6, 7 .
There have been many methods used to locate genomic DSBs over the years, but each has its limitations ( Table 1) . Recently, we developed LAM-HTGTS 6 and described its application to the detection of off-target activities of various types of engineered nucleases, as well as to a wide range of other classes of cellular DSBs [6] [7] [8] [9] [10] . Here we provide a detailed protocol for LAM-HTGTS, which is based on the methods used in these earlier publications.
Development of LAM-HTGTS
We originally developed an approach called HTGTS to identify DSBs genome wide. HTGTS is based on the ability of DSBs to translocate to a fixed 'bait' DSB generated by the yeast I-SceI nuclease, which cleaves at an ectopically integrated 18-bp recognition site in the c-Myc locus of the mouse genome 11 . Such high-throughput junction cloning [11] [12] [13] , leveraging aspects of whole-genome library construction and next-generation sequencing 14, 15 , provides nucleotide-level resolution of translocation junctions that fuse the broken ends of the genome-wide 'prey' DSBs to the bait I-SceI DSB (Fig. 1a) . Prey DSBs represent any broken ends in the cell that join to the bait broken ends; numerous control studies demonstrated that the HTGTS background generated by PCR template switching was very low 11 . HTGTS not only allows sensitive detection of DSBs genome wide, but it also allows in-depth studies of mechanisms by which these prey DSBs translocate to bait DSBs.
We have since markedly improved the efficiency of HTGTS and reduced its cost, time and effort by introducing steps to enrich target DNA fragments before adapter ligation. This improved method-LAM-HTGTS 6 -incorporates LAM-PCR 16, 17 , bridge adapter ligation 18 and a customized algorithm to fully characterize sequence reads with respect to the bait DSB used. LAM-PCR uses a single primer to directly amplify bait-prey junctions from genomic DNA and to generate single-stranded DNA (ssDNA)
Detecting DNA double-stranded breaks in mammalian genomes by linear amplificationmediated high-throughput genome-wide translocation sequencing products with diverse ends 16, 17 (Fig. 1b) . The bridge adapter, with a short and nucleotide-variable 3′ overhang, provides a hybridized double-stranded DNA (dsDNA) 'bridge' to stabilize ligation of the adapter to the diverse ssDNA ends using T4 DNA ligase 18 ( Fig. 1b) . The implementation of these two critical steps improves reproducibility by reducing the number of sample processing steps before exponential amplification, and it increases the junction yield 10-to 50-fold over the original HTGTS method 6 .
Overview of the LAM-HTGTS method
The procedure starts with the isolation of genomic DNA from cultured cells using a standard proteinase K digestion method. However, before DNA extraction, cells must be cultured for a limited duration to allow for nuclease expression to induce cleavage of the bait break-site and for translocation of bait broken ends to prey DSBs. Prey DSBs can be generated by endogenous mechanisms (activation-induced cytidine deaminase (AID) or recombination-activating gene 1/2 (RAG) cleavage sites, transcriptional start sites and so on) or by ectopic mechanisms (e.g., nuclease-generated DSBs). The numerous approaches available to generate cells with bait DSBs (e.g., transfection, viral transduction and nucleofection) are not described in this procedure, but they are described elsewhere for commonly used cell lines 6,7,9,10 .
Genomic DNA is sheared by sonication, and the bait-prey junctions are then amplified by LAM-PCR 16 , using directional primers lying on one or the other side of the bait break-site (or sites). LAM-PCR with a single 5′ biotinylated primer amplifies across the bait sequence into the unknown prey sequence (Fig. 1b) . Junction-containing ssDNAs are enriched via binding to streptavidin-coated magnetic beads (Fig. 1b) . After washing, bead-bound ssDNAs are unidirectionally ligated to a bridge adapter 18 . Adapter-ligated, bead-bound ssDNA fragments are then subjected to nested PCR to incorporate a barcode sequence that is necessary for demultiplexing (Fig. 1b) . After an optional blocking digest to suppress the potentially large number of uncut and/or perfectly rejoined or minimally modified bait sequences (Figs. 1b and 2a,b) , a final PCR step fully reconstructs Illumina Miseq adapter sequences at the ends of the amplified bait-prey junction sequence (Figs. 1b and 2c) . Samples are then separated on an agarose gel, and the resulting population of 0.5-to 1-kb fragments is collected and quantified before Miseq paired-end sequencing, with a typical 2 × 250-bp HTGTS library sampling ~1 × 10 6 sequence reads.
We generated a custom bioinformatic pipeline that can be used to characterize the bait-prey junctions from the library of sequence reads, and it should be sufficient for most LAM-HTGTS applications using long paired-end sequence reads. The pipeline is available at http://robinmeyers.github.io/transloc_pipeline/, and it consists of both third-party stand-alone tools (e.g., aligners) and custom programs built in Perl and R, which enable the processing of sequence reads directly off the sequencer into fully annotated translocation junctions in as few as two commands (Fig. 3) . Briefly, library pre-processing steps consist of deconvoluting the barcoded libraries and trimming Illumina primers. The main processing pipeline is made up of three major steps: (1) local read alignment, (2) junction detection and (3) result filtering. We use Bowtie2 to perform read alignments 19 . The junction-detection algorithm is based on the Optimal Query Coverage (OQC) algorithm from the YAHA read aligner and breakpoint detector 20 . The OQC attempts to achieve the following objective: to optimally infer the full paired-end query sequence from one or more alignments to a reference sequence. The optimal set is determined by using a best-path search algorithm, which enables the detection of not only simple bait-prey junction reads but also unjoined bait sequences, as well as reads harboring multiple consecutive junctions. The algorithm allows for overlapping alignments, which is required for microhomology analyses and naturally extends to paired-end reads. The final characterization is an ordered set of alignments termed the optimal coverage set (OCS). The library of resulting OCSs is subjected to a number of filters; the combination of filters and filter parameters used will depend largely on the application. Description of the filters that are currently being used can also be found at http://robinmeyers.github.io/ transloc_pipeline.
Advantages of LAM-HTGTS
To our knowledge, no method, including LAM-HTGTS, is capable of detecting all individual DSBs that occur in a population of cells over a period of time (see 'Limitations of LAM-HTGTS'). However, thus far, LAM-HTGTS can detect all known classes of recurrent DSBs across the genome, including DSBs introduced by on-or off-target activities of antigen receptor diversification enzymes 8, 9 and by on-and off-target activities of engineered nucleases 6 . The assay also detects individual DSBs that occur at a lower frequency but are associated with a specific cellular process across the genome, such as active transcription start sites 11, 21 and sets of DSBs spread across long gene bodies in neural stem and progenitor cells that generate fragile sites 7 . Finally, the assay also detects low-level widespread breaks, such as those generated by ionizing radiation 6 . In this regard, we also showed that, beyond the I-SceI nuclease, we could use LAM-HTGTS bait DSBs generated via engineered nucleases such as Cas9 nucleases or transcription activator-like effector nucleases (TALENs) 6 . Moreover, we also could sensitively use endogenous DSBs generated by the RAG endonuclease during V(D)J recombination in developing lymphocytes 9 or Igh (encoding immunoglobulin heavy locus) class switch recombination (CSR) DSBs initiated by AID in activated B lymphocytes as LAM-HTGTS bait DSBs to detect other local or genome-wide DSBs 9 . The exceptional sensitivity of the method was evidenced by the ability to use endogenous RAG-generated DSBs as bait to discover huge numbers of RAG off-target DSBs locally and across the genome that were not detected by any prior method despite substantial effort put into searching for them 9 .
Detection of engineered nuclease off-target activity with LAM-HTGTS Engineered nucleases-including meganucleases 20 , zinc-finger nucleases 22 , TALENs 23, 24 and Cas9 nucleases [23] [24] [25] [26] -enable precise targeting of virtually any desired genomic location. However, comprehensive analyses of the collateral damage associated with these nuclease activities had been lacking 3 . We have previously demonstrated the ability of LAM-HTGTS to reproducibly detect a wide range of off-target nuclease-specific DSB activities, including many predicted but previously undetected sites in addition to new unpredicted sites 6 . Published examples of how LAM-HTGTS can be used to study nuclease activities include the following.
Characterization of the activity of new nucleases. One key to the success of LAM-HTGTS in identifying DSBs across the genome was the finding that recurrent DSBs can dominate translocation landscapes in mouse and human cells genome wide regardless of chromosomal location owing to cellular heterogeneity in 3D genome organization 2, 6, 13 . LAM-HTGTS can be adapted to use a well-defined engineered nuclease DSB to generate a universal donor bait DSB that can detect the genome-wide prey DSB
• activities of a coexpressed 'uncharacterized' engineered nuclease (Box 1) 6 . For each uncharacterized nuclease, the frequency at which DSBs occur can be normalized to universal baits, thus allowing on-target cutting efficiencies of different nucleases to be compared, which is useful for choosing an appropriate nuclease for targeting a desired locus or for a particular application. Sensitive detection of DSBs within chromosomes. In the absence of highly recurrent prey DSBs, relative proximity of bait and prey DSBs becomes a more dominant influence in the frequency at which they translocate 6 . Thus, treating cells with γ-irradiation to generate widespread random DSBs across all chromosomes leads the length of each chromosome to become a translocation 'hotspot' for the joining of DSBs generated within it because of proximity effects of sequences within a cis chromosome 2, 6, 13 . Within a cis chromosome, translocation frequency is further enhanced between sequences within megabase or sub-megabase topologically associated domains because of further increased interaction frequencies 2, 12, 13 . These latter properties allow the sensitivity of LAM-HTGTS DSB detection to be extended by using bait DSBs on different chromosomes or regions of chromosomes to detect DSBs in proximal regions in cis with increased sensitivity 6, 7 . Owing to these spatial proximity effects, off-target breaks on the same chromosome as the bait DSB are more likely to be captured by LAM-HTGTS 2, 6, 13 . Thus, the sensitivity of LAM-HTGTS can be enhanced (by fivefold or more) by placing bait DSBs in or along each chromosome to look for off-targets in cis within the chromosome; we recently used this approach to identify endogenous recurrent DSB clusters in neural stem and progenitor cells 7 (see 'Detecting endogenous DSB and joining with LAM-HTGTS' below). Detection of widespread low-level breaks. Unlike other assays, such as GUIDE-seq 27 or IDLV 28 , which only describe recurrent DSB activity, LAM-HTGTS is able to interpret changes in the distribution and proportion of translocations along the chromosome harboring the bait DSB as a measure of the amount of genome-wide DSBs that are of low-level recurrence at any particular site (i.e., widespread, low-level); this assay property is in large part due to the spatial proximity effects described above (see 'Sensitive detection of DSBs within chromosomes'). In this context, universal bait LAM-HTGTS revealed that introducing certain TALENs generated an effect reminiscent of treating cells with ionizing radiation 6 . Characterization of damage at DSBs. Collateral damage is a key problem for nuclease off-target activities. In addition to providing relative frequencies of on-versus off-target DSBs, LAM-HTGTS can also provide an estimate of the frequency of deletions and translocations that occur between on-target and off-target DSBs and also between different off-target DSBs. Given equal DSB frequencies, deletions and translocations occur more frequently for different DSBs that occur on the cis chromosome. GUIDE-seq 27 and IDLV 28 have not thus far been reported to have been used for an in-depth analysis of this kind.
Detection of a wide range of broken ends.
A unique feature of LAM-HTGTS is that it detects a wide range of broken ends that can be generated by various classes of nucleases, including blunt ends for Cas9 nucleases, nucleotide overhangs for meganucleases, FokI domain-containing nucleases, paired nickases, and hairpin-sealed ends from RAG-mediated cleavage 6, 9, 11, 13 . In this context, LAM-HTGTS detected hundreds of off-targets for Step 49
Step 51
For each LAM-HTGTS library: two tested TALENs, as well as robust low-level widespread DSB activity 6 , and it further showed that the vast majority of the many TALEN off-targets resulted from homo-dimers that recognize a palindromic cleavage site, as opposed to desired heterodimers that recognize two different sites 6 . The versatility of LAM-HTGTS DSB detection, thus, should allow the characterization of new classes of designer nucleases, such as the recently described Cpf1 clustered regularly interspersed short palindromic repeat (CRISPR) effector family 29 .
Detection of off-target sites on homologous chromosomes.
A key feature of LAM-HTGTS that has not been reported for other nuclease off-target assays is the ability to readily detect a major class of off-targets that result from targeting of the same on-target site on homologous chromosomes. This ability is not trivial, because these events can lead to dicentric chromosomes that could promote additional DSBs, translocations and potentially oncogene amplifications via breakage-fusion-bridge mechanisms 6 .
Detection of endogenous DSB and joining with LAM-HTGTS
HTGTS and LAM-HTGTS can both be used to detect DSBs generated from the cellular environment (e.g., ionizing radiation, chemotherapeutics, viral integration) 6, 9, 13 . Both methods also detect DSBs that are generated via endogenous sources such as transcription-associated DSBs and DSBs associated with replication stress 7, 11, 21 , as well as programmed DSB-inducing activities in lymphoid cells [8] [9] [10] [11] [12] [13] 30 , and it is probable that they could be applied to detect endogenous DSBs that arise from other sources, such as oxidative DNA damage. More generally, LAM-HTGTS reveals the various classes of DSBs across the genome that can contribute to inter-or intra-chromosomal translocations and deletions, including sources of DSBs that contribute to known oncogenic translocations 8, 9 . LAM-HTGTS-based studies used endogenous AID-initiated DSBs in endogenous switch (S) regions as bait in B cells activated for Igh CSR 10 . The design of these studies allowed the fate of 14 different AID-target DSBs within a 150-bp region to be followed via a single bait-site LAM-HTGTS primer; these • bait-site DSBs joined mainly to targeted S regions 100-200 kb downstream 10 . S regions are long (up to 10 kb) and highly repetitive, which limited prior CSR junction studies to standard PCRbased assays that generally yielded only dozens of junctions, all of which occurred at the S region borders and thus were not fully representative of the dominant core S region-driven CSR 31 . However, the LAM-HTGTS assay provided tens of thousands of junctions spread over the entire length of the repetitive S region, offering hugely expanded data sets and far more mechanistic detail than previously could be generated. In addition, the assay was substantially less expensive and time-consuming 10 . The CSR studies also revealed how LAM-HTGTS could be used as a sensitive joining and end-resection assay with respect to rejoining of single DSBs, revealing differential effects of a broad range of DNA damage response factors on the resection process 10 .
LAM-HTGTS has been applied to study the on-target and off-target activities of the RAG V(D)J recombination-specific endonuclease using endogenous RAG-generated DSBs as bait 9 . Although prior studies detected only a handful of off-target RAGgenerated DSBs 32 , the LAM-HTGTS studies identified thousands of RAG off-target sites, which are tightly restricted within chromosomal loop domains, strongly suggesting a linear RAG tracking model to explain the generation of most RAG off-target events 9 .
Finally, recent LAM-HTGTS studies using neural stem and progenitor cells used bait DSBs on multiple chromosomes in combination with mild replication stress (induced by aphidicolin) to identify, with enhanced sensitivity, 27 recurrent DSB clusters (RDCs) across the genome 7 . All 27 RDCs occurred in the gene bodies of very long transcribed genes that mostly were late replicating. Moreover, nearly all of these RDC genes were associated with synapse function, neural cell adhesion and/or mental disorders. A number of RDC genes also were associated with various cancers including brain and prostate cancers 7 .
Comparison of HTGTS with other related methods
Several other DSB detection assays were developed about the same time as the HTGTS method 11 or LAM-HTGTS 6 that either
Box 1 | Bait DSB site strategy
Recurrent off-target activity can be detected either by directly cloning from the on-target DSB to the off-target prey DSBs or by coexpressing a second previously established nuclease, which can provide the donor bait DSB necessary to compare the joining rates of the on-target and off-target prey DSBs of the candidate nuclease; the latter strategy is referred to as the universal bait approach. Direct bait DSB cloning presents joining events with respect to the on-target site, but it suffers from the inability to accurately compare its own on-target activity relative to potential off-target activity. Universal bait DSB cloning provides a tertiary bait DSB that can compare the relative joining rates between predicted on-target sites and empirically derived off-target sites of the candidate nuclease. Furthermore, the off-target sites of the defined universal bait nuclease can also be used as bait DSBs to control for off-target detection frequencies on the initial on-target universal bait chromosome. leveraged chromosomal translocation cloning or in vivo tagging of broken ends 27, 28, 33 . Such methods provide higher resolution than ChIP-seq 18, 34, 35 and lower background than DSB-seq 36 and BLESS 37 . Thus, we limit the comparison below to these more recently developed translocation-based or in vivo tagging-based methods. However, we do note that a recent report applies BLESS for Cas9 off-target detection using strict custom optimization to address the background 38 . Translocation capture (TC)-seq 33 has many overlapping features and applications with HTGTS 11 , including the use of an I-SceI bait DSB approach to detect prey DSBs. However, TC-seq as described did not allow junction structures to be defined at nucleotide resolution, and thus it did not allow precise mapping of I-SceI off-targets 33 . In addition, TC-seq studies reported thus far have not used endogenous DSBs or engineered nucleasegenerated DSBs as bait. However, it seems probable that TC-seq could be readily adapted for use in the various contexts outlined for LAM-HTGTS.
GUIDE-seq 27 tags engineered nuclease-induced DSBs with blunt-ended, 5′ and 3′ end-phosphorothioated, dsDNA oligos via end-joining; tagged DSBs are then amplified from the inserted dsDNA fragment and mapped across the genome. GUIDE-seq is very similar to the IDLV DSB detection assay 28 but with higher efficiency than IDLV for DSB detection. In its published form, GUIDE-seq DSB detection was dependent on in vivo blunt end-joining mechanisms because of the type of dsDNA oligo tags used, and thus it would be limited to detecting only these broken-ended structures in the cell. Hence, DSBs from other types of engineered nucleases or endogenous DSBs with 5′ or 3′ overhangs may not be readily detected by GUIDE-seq. Despite this blunt end-joining limitation, GUIDE-seq is capable of identifying recurrent Cas9 DSBs throughout the genome. Indeed, GUIDE-seq identified the same major off-targets as LAM-HTGTS for the two common guides tested. However, although LAM-HTGTS and GUIDE-seq also identified some of the same lower-level off-targets, they each uniquely identified other low off-targets. Those differences could be attributable to the different cell lines tested, but they could reflect differences in the abilities of the two assays to detect certain DSBs. Although LAM-HTGTS can be made more sensitive by using more material and by using baits on different chromosomes, it is not clear whether the same applies to GUIDE-seq, as the background relative to off-target detection has not been described.
Similarly to HTGTS and TC-Seq, GUIDE-seq requires endprocessing and adapter ligation before selecting informative sequences 27 ; such an approach was found to present substantial financial burden 11, 33 (Fig. 1a) . In contrast, LAM-HTGTS directly amplifies relevant sequences from sheared genomic DNA without prior end-modification, A-tailing and adapter ligation, making it approximately five times less expensive than the HTGTS method (Fig. 1b) .
Limitations of LAM-HTGTS
Although LAM-HTGTS can compare relative recurrent DSB frequencies, currently LAM-HTGTS and all other related assays cannot readily quantify absolute cutting rates because of their inability to differentiate uncut sequences from cut sequences that have perfectly rejoined, or to quantify rejoined bait sites in regions of very limited sequence diversity 10 .
LAM-HTGTS only detects DSBs that translocate. However, this potential limitation has thus far not been an issue, as HTGTS has been documented to detect all different classes of DSBs, including many that were basically undetectable by other methods [6] [7] [8] [9] [10] [11] [12] [13] 30 (see 'Advantages of LAM-HTGTS').
LAM-HTGTS requires joining of prey DSBs to a known bait DSB, and therefore it cannot be used on previously isolated genomic DNA without a priori knowledge of a recurrent DSB that can serve as bait, such as AID-initiated or RAG-initiated DSBs in B lymphocytes 9, 10 . In addition, LAM-HTGTS only reveals information about the genomic prey DSBs that join to bait DSBs, and it does not reveal information about prey DSBs that persist as DSBs (see 'Advantages of LAM-HTGTS'). However, we note that studies using γ-H2AX and 53BP1 foci as markers for DSBs indicate that most DSBs are resolved well within our recommended culture times 39 (see 'Sample requirements').
Translocations are rare events in contrast to rejoining events observed as local insertions and/or deletions (Fig. 2) , and they are estimated to occur in 1 out of 300 cells by live-cell microscopy 40 and in 1 out of 200-1,000 cells, on average, across HTGTS libraries (this can widely vary on the basis of multiple conditions; see 'Sample requirements'), which may constrain the utility of LAM-HTGTS in certain contexts where input DNA is limited.
Recurrent DSBs in highly repetitive regions might also be misrepresented as a result of difficulties in mapping the sequence reads and because of the potential for mispriming from incompletely extended PCR products; such problems are universal for any amplification-based high-throughput sequencing method. Notably, however, LAM-HTGTS has-for example, in Igh CSRbeen useful for solving such potentially confounding issues 10 .
Experimental design Sample requirements. After induction of the recurrent DSBs, cells should be cultured for a sufficient length of time to enable the formation of translocations. We typically culture cells for 48-72 h after nuclease transfection or induction. Generally, DSBs can be efficiently repaired within 8 h (on the basis of studies of γ-H2AX and 53BP1 foci 39 ); thus, 48-72 h should be sufficient for broken ends to form translocations. Genomic DNA can be isolated using any published method that generates fully dissolved DNA with an absorbance 260 nm/280 nm (A 260/280 ) ratio higher than 1.8. The amount of starting material required to generate robust HTGTS libraries will be context-dependent, but for initial LAM-HTGTS studies we recommend starting with 20-100 µg of genomic DNA at a 0.5-1 × 10 6 Miseq sequence read depth; on the basis of our findings with bait DSBs generated by I-SceI, Cas9 or TALENs 6, 8 , this should be sufficient to identify thousands of translocations if DSB generation is efficient. However, the final yield of identified junctions may vary considerably depending on the context of the experiment, genetic backgrounds (e.g., repair-deficient versus wild-type) and, most notably, the ability to generate sufficient bait DSBs in a particular cell type. We generally perform preliminary libraries to confirm that our HTGTS junction yields for a given experimental setting will be sufficient to achieve the goals of the experiment. Means to increase the number of junctions detected per amount of DNA can include increasing nuclease expression levels for greater bait DSB cleavage, longer culturing periods (though potentially at the cost of affecting junction bias due to selective forces) and deeper sequencing of the library. Controls. Artifactual background effects can vary depending on the position of, and priming strategy used for, the bait DSB site; therefore, proper controls must be included to enable full data interpretation. To evaluate the primers and to determine the level of background, it is essential to generate a control library with the genomic DNA from untreated cells (i.e., no bait DSB). Generally, experimental libraries should generate at least tenfold more junctions than these uncut control libraries using the same set of primers.
Choice of bait DSB region. Each bait DSB provides two broken ends, and thus there are two potential bait DSB strategies: either a (+) or (−) chromosomal orientation. Bait sequence within 1 kb of the targeted DSB should be analyzed to avoid potential repeat sequences, as determined by RepeatMasker (http://www.repeatmasker.org); such sequences can be prone to junction artifacts due to mispriming. It is recommended to clone the bait sequence region from the target cells of interest and to sequence for potential polymorphisms that could disrupt nuclease cutting or priming. Finally, it is also suggested, but not required, to identify a rare restriction enzyme site downstream of the bait DSB to suppress the detection of uncut or perfectly rejoined sequence and to enhance the detection of translocations ( Fig. 2a,b ; see 'Blocking enzyme' below).
Primer design. Bait sequence length leading up to the bait DSB can be varied, but it is constrained by the positions of the primers used and by sequencing length limitations. LAM-HTGTS uses a nested priming strategy with extension times to amplify 1kb of sequence per cycle. For 2 × 250-bp Illumina Miseq, the outer biotinylated locus primer can be positioned up to 400 bp away from the bait DSB, whereas the nested locus primer (nested primer) must be placed within 200 bp (ideally 80-150 bp) of the bait DSB to allow for optimal contiguous junction mapping across bait and prey sequences (Fig. 2a) . Shorter bait sequences limit the number of junctions identified because of resection of the bait sequence beyond the sequencing primer. Longer bait sequences limit the sequence from the forward paired read that is available to uniquely map the translocation partner. This limitation may be partially mitigated if the alignment extends to the reverse paired read. The length of primers ranges from 20 to 25 bp, with an optimal melting temperature around 58 °C and 60 °C for the bio-primer and the nested primer, respectively. To multiplex LAM-HTGTS libraries from the same bait, we typically include a user-defined barcode sequence (0-10 bp) positioned between the nested primer sequence on the 3′ end and a portion of the Illumina-specific sequence on the 5′ end of the primer.
Blocking enzyme (optional).
Translocations are rare cellular events compared with cut and perfectly rejoined DSBs or local processing of the bait DSB. Thus, to enhance the detection of genome-wide DSBs when the bait DSB-positive cell population and/or cutting levels at the bait DSBs are low, it is suggested to block the amplification of uncut or perfectly rejoined sequence after adapter ligation and nested PCR. This can be achieved by using rare restriction enzymes that will cleave downstream of the bait DSB and block PCR amplification due to loss of adapter priming (Figs. 1b and 2a,b) . To minimize junction loss at the break site, the blocking enzyme site should be located as close as possible to the downstream side of the bait DSB. As restriction enzymes have wide-ranging numbers of substrate sites genome wide, which are primarily determined by the length of their recognition sequences, enzymes with six or more base pair recognition sequences are required. As the blocking step uses PCR-amplified DNA, virtually any rare cutting restriction enzyme that has been used previously for molecular cloning or Southern blot analysis can be used. Blocking will only suppress but not eliminate all of the uncut or perfectly rejoined fragments, as cutting will not be 100% efficient and so some uncut or perfectly rejoined sequences will still be observed. It should be noted that the choice of blocking enzyme should not conflict with nested primers and the bait sequence leading up to and including the break-site. The particular blocking enzyme used will reduce the number of prey junctions harboring the same enzymatic site; thus, blocking uncut or perfectly rejoined amplification can be omitted when the majority of cells are efficiently cutting at their on-target sites. Moreover, deeper sequencing can largely compensate for the omission of enzyme blocking, particularly for lower cutting efficiency at bait DSBs.
DNA polymerase. Any thermostable DNA polymerase engineered for PCR should be appropriate for use in LAM-HTGTS. We tested both Taq (Qiagen) and Phusion (Thermo Scientific) polymerases to prepare LAM-HTGTS libraries; they showed similar genome-wide profiles and back-to-back comparison showed no major difference between the HTGTS libraries generated by these two thermal polymerases. Taq is economical, but its short half-life requires the addition of more polymerase halfway through the 100-cycle PCR 6, 16, 17 . The proofreading activity of Phusion enhances the amount of amplified DNA fragments, and it can increase fidelity across secondary DNA structures. Nonetheless, the proofreading activity also can degrade primers and ssDNA products in the LAM-PCR step. To minimize this, a higher concentration of dNTPs is used (threefold higher than with Taq).
DNA fragmentation.
Although genomic DNA can be used for LAM-PCR directly, the elongation time needs to be very limited (5 s; ref. 17) to suppress the formation of very long amplicons. Furthermore, the reduced accessibility of the biotinylated primer to the denatured long filaments of genomic DNA also reduces the efficiency of LAM-PCR. Shearing DNA into ~1-kb fragments minimizes the accessibility problem, and an extended elongation time (1.5 min in this protocol) suppresses PCR-mediated recombination 41 . Fragmentation of genomic DNA by sonication is preferred over enzymatic digestion, which requires the presence of a nearby restriction site to capture any given translocation. With sonication, coverage across the genome is less biased, leading to more comprehensive genome-wide coverage of potential recurrent DSBs.
Bridge adapter. Standard library preparation protocols for genome-wide sequencing typically require end-polishing and 3′ A-tailing of dsDNA 11 . To ligate adapters to the ssDNA generated in the LAM-PCR, we use a bridge-adapter ligation strategy 18 , which introduces a single-stranded 'bridge' oligo to stabilize both the adapter and the 3′ end of the unknown prey sequence and improve ligation efficiency; the 3′ ends of the adapter and bridge oligo are amino-modified to suppress adapter-to-adapter ligation. Compared with T4 RNA ligase, the T4 DNA ligasemediated bridge ligation for ssDNA has higher efficiency, less bias and lower background 18, 42 .
Sequencing and pre-processing. HTGTS libraries are prepared such that the barcode and bait sequence are always sequenced on read 1 (P5 Illumina adapter) and the adapter end is sequenced on read 2 (P7 Illumina adapter; Fig. 2c) . HTGTS libraries are pooled, with the number of libraries per pool depending on the desired number of sequence reads per library, before loading on the flow cell. Pre-processing parameters should be selected depending on the length and uniqueness of the library barcodes.
Alignment and OQC.
Reads are aligned to the full reference genome, the bait sequence and the adapter sequence. Read 1 (R1) and read 2 (R2) are aligned independently, and the top-scoring alignments from each are passed to the junction detection algorithm. For OCS determination, all R1 and R2 alignments, as well as R1/R2 properly aligned pairs, are conceptualized as nodes on a directed acyclic graph. The graph may be initialized and guaranteed acyclic by ordering nodes with their query start coordinate and using the following edge rules: an R1 node may only follow other R1 nodes with a smaller query start coordinate; an R1/R2 properly aligned pair may only follow R1 nodes with smaller query start coordinate; and an R2 node may only follow R1/R2 nodes or R2 nodes with a smaller query coordinate. Importantly, an R2 node may not immediately follow an R1 node, as this would indicate that the junction occurs between the reads. This event may occur but it cannot be fully characterized and inspected as an artifact, and thus it is not considered. For each node, the scores of its edges to previous nodes explored are calculated, and the edge with the highest score is retained. Edges are scored by summing the alignment score of the new node with the previous node's score and subtracting any penalties. The OCS is the set of nodes that give the highest scoring path through the graph.
OCSs with large gaps between bait and prey alignments should be removed, as they represent unverifiable (artifactual or biological) events. Bait alignments that minimally extend past the priming site should be removed, as these represent potential mispriming events. The prey alignment must have a uniquely high alignment score relative to other overlapping alignments. The pipeline allows duplicate junction detection and filtering, as they may arise from either cellular or PCR replication and not independent events. However, duplicate junctions may also arise independently, particularly in very dense clusters of junctions. Therefore, in the case of apparently low-diversity libraries (i.e., many reads contain identical bait-prey junctions), interpretation needs to take into account both biological (e.g., predicted) and technical (e.g., amplification biased or artifactual) sources of the assay.
MaterIals

REAGENTS
Mammalian cells of interest containing recurrent DSBs that can be used as LAM-HTGTS bait; bait DSBs can be endogenous sites or they can be ectopically induced. We have successfully applied LAM-HTGTS to human 293T (ATCC CRL-3216) and A549 (ATCC CCL-185) cell lines, mouse Abelson virus-transformed pro-B and CH12F3 cell lines, mouse bone marrow and splenic B cells, in vitro-differentiated T cell precursors, and cultured primary mouse neural stem and progenitor cells ! cautIon The cell lines used in your research should be regularly checked to ensure that they are authentic and not infected with mycoplasma. Alternatively, the oligos can be annealed on a PCR thermoblock 43 . Dilute fourfold (concentration is 50 µM) with H 2 O, prepare 100-µl aliquots and store them at −20 °C for up to 2 months.  crItIcal Thaw the adapter on ice before use. 
P7-I7 c CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTC
a End modifications can be produced by Integrated DNA Technologies; the synthesis code for '/5-Phosphorylation/' is '/5Phos/', for '-NH 2 ' is '/3AmMO/', and for '/5-biotin/' is '/5BiosG/', 'N' means random nucleotide. b 'Nested primer' is the locus-specific nested primer (in bold), and 'barcode' means the DNA sequence to differentiate samples with the same locus-specific nested primer (underlined); thus, these samples can be sequenced in the same Miseq run. Barcodes can be any non-tandem DNA sequences between 0 and 10 bp, or one can use the Miseq index according to the manufacturer's instructions. c Sequences from the Miseq primers are marked in italics. Note that I5 and I7 primers share 14-bp homologies at the 3′ end (compare the italic sequences of I5-nested to that of I7-Blue); thus, the T m in
Step 42 is 62 °C to reduce cross-template amplification. Alternatively, P5-I5 can be further shortened from the 3′ end to avoid annealing to the 3′ region of I7 with same sequences.
proceDure Genomic Dna isolation • tIMInG 1 d 1| Resuspend 1 × 10 7 mammalian cells (previously treated to generate bait and prey DSBs) in 500 µl of cell lysis buffer and incubate them at 56 °C overnight (10-16 h).  crItIcal step When you are performing LAM-HTGTS for the first time with a new cell type or a new set of LAM-HTGTS primers, a control sample (cells without cleavage at the presumed bait DSB sites) should be processed in parallel.
2| Add 500 µl of isopropanol directly into the microtube, and mix it immediately by inverting the microtube until the genomic DNA can be seen to form a pellet.
3|
Use a pipette to transfer the DNA pellet to a new microtube containing 1 ml of 70% (vol/vol) ethanol. Centrifuge it at 13,000g for 5 min at 4 °C.
4|
Discard the supernatant completely, and dissolve the pellet in 200 µl of TE at 56 °C for at least 2 h.
5|
Check the concentration of a 1-µl aliquot with a NanoDrop; the A 260/280 value should be above 1.8. 13| Transfer 40 µl of Dynabeads C1 streptavidin beads (400 µg) to another new 1.5-ml microtube, add 600 µl of 1× B&W buffer and mix by pipetting.  crItIcal step Before pipetting streptavidin beads, fully resuspend the beads by vortexing for at least 30 s.
14|
Capture the beads on a magnet stand for 1 min, and then discard the supernatant.
15|
Resuspend the beads in 600 µl of 1× B&W buffer, capture the beads on the magnet stand for 1 min and discard the supernatant.
16|
Resuspend the beads with pooled PCR products from Step 12 and incubate the mixture on a rotary mixer at RT for at least 2 h.  crItIcal step 2 h is sufficient for the beads to capture most of the biotinylated PCR products; however, a 4-h incubation time is recommended.  pause poInt The binding mixture can be incubated at RT overnight.
17|
Capture the DNA-beads complex on the magnet stand, and wash the DNA-beads complex with 600 µl of 1× B&W buffer (as described in Step 15) three times.
18|
Resuspend the beads in 1 ml of H 2 O, capture the beads on the magnet stand for 1 min and discard the supernatant. Total 100 - crItIcal step Thaw the bridge adapter on ice; combine and mix well all the reagents except 50% (wt/vol) PEG8000, and then add 30 µl of 50% (wt/vol) PEG8000 using cut tips for more accurate pipetting of the viscous solution; mix thoroughly by pipetting.
21|
Divide the ligation mixture evenly into aliquots in two PCR tubes (50 µl each).
22|
Set the PCR machine as below using a heated lid to incubate the ligation for 4 h: 23| Add 50 µl of 2× B&W buffer into each PCR tube, and transfer and combine the mixture in a new 1.5-ml microtube.
24|
Add 50 µl of 1× B&W buffer into each old PCR tube to collect residual ligation products, and transfer the residual ligation products into the new microtube from Step 23.
25|
Capture the on-bead ligation products on the magnet and wash the DNA-bead complex with 600 µl of 1× B&W buffer (as described in Step 15) twice.
26|
Resuspend the on-bead ligation products in 1 ml of H 2 O, capture the beads on the magnet stand for 1 min and discard the supernatant.  crItIcal step Do not spin the PCR mixture before amplification, because the settlement of DNA-beads greatly reduces the amplification efficiency.  pause poInt Amplified DNA products can be stored at −20 °C for months.
27|
30| Pool the eight PCR products from
Step 29 together in a new 1.5-ml microtube, and centrifuge it at 15,000g for 5 min at RT.
31|
Transfer the supernatant to a new 1.5-ml microtube, and add 1.2 ml of buffer QG, which is included in the QIAquick gel extraction kit.
32|
Spin the mixture through a QIAquick gel extraction column at 15,000g for 1 min at RT, and then discard the flow-through.
33|
Add 800 µl of buffer PE (also included in the kit) to the column, spin it at 15,000g for 1 min at RT, and discard the flow-through.
34|
Spin the column at 15,000g for 2 min at RT, and then transfer the column to a new 1.5-ml microtube.  pause poInt Amplified DNA products can be stored at −20 °C for months.
library purification • tIMInG 1 h 43| Pool the four samples from Step 42 together, and then run the entirety of the amplified DNA products on a 1% (wt/vol) agarose gel in 1× TAE buffer.  crItIcal step Add 40 µl of 6× DNA loading buffer directly into the pooled products and run them in multiple wells.
It is unnecessary to condense the products before loading.
44|
Excise from the gel the DNA fragments between 500 and 1,000 bp (Fig. 4) . 
Box 2 | Instructions for creating metadata files
The metadata file contains the configuration information necessary to process sequence reads for any particular library. Incorrect information may result in errors at various stages of the translocation pipeline or produce incorrect results. Several of the columns are used to define the 'breaksite' locus. The breaksite locus is defined as the sequence between the first nucleotide of the nested primer and the last nucleotide before the specific DSB. The metadata file is a tab-delimited plain text file containing the following header line with each subsequent row describing the design of a single library. Library: the unique name of library; this ID will be used to name most files generated by the pipeline.
Researcher: the creator of the library, for record-keeping purposes; otherwise, leave it blank. Assembly: reference genome (e.g., mm9, hg19). The pipeline uses this name to find the reference genome sequence and Bowtie2 index on the file system. Chr: the name of the chromosome that contains the break-site locus (e.g., chr15). Start: position of the first nucleotide of the break-site locus End: position of the last nucleotide of the break-site locus Strand: either '+' or '−' based on the orientation of the nested primer MID: barcode sequence if positioned at the start of the forward read; otherwise, leave it blank Primer: sequence of nested primer Adapter: sequence of adapter Cutter: restriction enzyme target sequence if frequent cutter is used to fragment the genomic DNA; otherwise, leave it blank The junction yield is influenced by the level of bait DSB cutting in the cells assayed and the amount of input genomic DNA used for HTGTS; increasing junction yields are more susceptible to saturation bias, and optimization of user-defined conditions may be needed. All libraries are expected to have substantial enrichment at frequent DSB sites of the cells-for example, bait DSB break-sites for libraries with engineered nucleases-or AID-generated bait DSBs 6, 8, 10 , or bona fide recombination signal sequences for libraries with RAG-induced bait DSBs 9 . Repeat-masked reference genomes can be used for alignment, but they are not recommended. Junctions in such masked regions, especially telomere, ribosomal and LINE element repeats, are good indicators of the quality of the libraries. Libraries may need to be generated again if repetitive region junctions comprise more than 20% of the total, which indicates that relevant junctions are likely to be underamplified and may affect downstream analyses.
To monitor the library preparation process, we quantify DNA products at Steps 36 and 40. For our libraries with bait DSBs generated by I-SceI 8 , Cas9:gRNA 6 , TALENs 6 , AID 10 VEGFA off-targets are listed in the lower rows with mismatches in red. c. with filtered junctions typically containing a high background. In this case, we recommend choosing another bait DSB site or strategy, or reducing the amount of amplified DNA in the above steps if choice of bait site is limited. Example data for a universal bait LAM-HTGTS assay are shown in Figure 5 . Data were generated from Abelson virus-transformed (v-Abl) mouse pro-B cells coexpressing the universal bait Cas9:SeC9-2 gRNA located in the Igh locus (at the end of chromosome 12) and a VEGFA gRNA designed to target the human VEGFA locus, but which generates 38 additional off-targets in the human genome (Fig. 5a) 6 . The SeC9-2 universal bait identified three SeC9-2 off-targets (one very close to the bait). Even though VEGFA has no on-target site in the mouse genome, three VEGFA off-targets were identified with this universal bait assay (Fig. 5a,b) . acknowleDGMents We thank members of the Alt laboratory for discussions about improving LAM-HTGTS, and we thank Z. Herbert from the Molecular Biology Core Facilities at Dana-Farber Cancer Institute for discussions on transitioning HTGTS to Illumina Miseq. This work is supported by National Institutes of Health Grant nos. R01AI020047 and R01AI077595 to F.W.A. R.L. coMpetInG FInancIal Interests The authors declare competing financial interests: details are available in the online version of the paper.
